We examine the difference in modeled thermohaline circulation under an atmosphere with no heat capacity (NHC) and infinite heat capacity (IHC) in a series of numerical experiments using the Bryan/Cox OGCM. An NHC atmosphere allows ocean sea surface temperatures to respond to changes in oceanic poleward heat transport, inferring an atmosphere that is allowed to seek its equilibrium temperature, whereas an IHC atmosphere does not. This is responsible for the following different behaviour patterns under the two atmospheres: 1) under NHC atmosphere, oceanic thermal oscillation persists, whereas under IHC atmosphere it does not; 2) under NHC atmosphere, the oceanic thermohaline circulation is less sensitive to high latitude freshening than under IHC atmosphere; 3) under either atmosphere, multiple equilibrium solutions are possible. However, under NHC atmosphere, two equilibria of the thermohaline circulation are generated in the same way as in the GFDL fully coupled model, while under IHC atmosphere, they are not.
Introduction
proposed a parameterization of surface heat flux Q a0 for ocean general circulation models (OGCMs) in the form of
).
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Here, T a is the implied atmospheric equilibrium temperature, which is independent from sea surface temperature (SST) T o . The effective Haney flux coeffcient K is in the range of several tens of W m -2 °C -1 , and is inversely proportional to a Haney relaxation timescale of several tens of days, depending upon the depth of the oceanic mixed layer. This means that under the forcing of Eq. (1), SST anomalies away from T a are removed in a timescale of several tens of days. Equation (1) has several implications. Firstly, as Bretherton (1982) pointed out, Eq. (1) implies that heat anomalies are removed by atmospheric heat transport on the Newtonian timescale. However, basin wide scale heat anomalies are in fact removed by radiation to space, that is, radiative cooling, on a much larger timescale. Secondly, Eq. (1) assumes that the atmospheric conditions are time-independent, and that the ocean is in contact with the constant atmosphere. Climate variability means that the atmospheric condition are changing. Although Eq. (1) is widely used for assimilation of SST into an ocean model (e.g., Sarmiento and Bryan, 1982; Semtner and Chervin, 1988; Fujio et al., 1992) , it is questionable as to its feasibility for ocean climate sensitivity study (Power and Kleeman, 1993; Zhang et al. 1993) . Thirdly, the constant atmospheric condition means that the atmospheric boundary layer has an infinite heat capacity (IHC): no matter how much the SSTs change, the atmospheric temperatures remain constant. We will refer to Eq. (1) as the IHC scheme.
The IHC assumption is not realistic. Observational data (Cayan, 1980) documents the fluctuations of air temperature that follow the changes of the SST. In the tropics, the assumptions that air-sea temperature differences is constant result in definite improvements over the IHC assumption (e.g., Schopf, 1983; Philander and Seigel, 1985; Seager et al., 1988) . Schopf (1983) pointed out that the atmospheric boundary layer has very little heat capacity and is in fact an intermediary between the ocean and a radiatively cooled, dry troposphere; this is the probable reason for the near-constancy of air-sea temperature differences. Hence assuming an atmosphere of no heat capacity (NHC) is more realistic. Schopf (1983) considered the following simple coupled ocean-atmosphere model. A heat balance for the atmosphere is
and for the oceanic mixed layer is
In Eq. (3), the surface heat flux from the atmosphere to ocean, Q ao , is given by K(T a -T o ), the heat loss radiated to space is given by -K r ′T a , and heat sources due to solar input (SI) and atmospheric heat transport (AHT) are given by Q a (Q a = SI + AHT). K r ′ is an atmospheric radiative feedback parameter. In Eq. (3), C o is the heat capacity of the oceanic mixed layer, and Q o represents all oceanic heat sources other than the surface heat flux Q ao = K(T a -T o ). Defining
is net radiative heat transfer into the atmosphere. Schopf's argued that since C a /C o << 1, it is reasonable to assume that C a = 0, giving the surface heat flux as
Defining K r so as to allow the surface heat flux to be calculated as
without involving an atmosphere temperature. Equation (3) can then be written as
and equating
( ) Thus Eqs. (2) and (3), with T r = Q a /K r ′, are equivalent to using Eq. (6) as boundary condition. Superficially, Eq. (6) is of the same form as Eq. (1), but the temperature difference is now with respect to T r , rather than T a . As discussed by Schopf (1983) , Eq. (6) infers a timescale C o /K r that is about 10 to 20 times larger than C o /K. This means that large scale SST anomalies are effectively removed by radiative relaxation to space on a timescale of several hundred days. Thus instead of restoring T o to T a with a short timescale, T o is restored to T r with a timescale of C o /K r , that is several hundred days, a scale Bretherton (1982) suggested. Within this system, the atmospheric equilibrium temperature is not explicitly included in Eq. (6) or (7), and is free to seek its equilibrium value based on the balance between the ocean temperature and the radiative imbalance at the top of the atmosphere. We refer to Eq. (6) as NHC scheme. Schopf (1983) applied an NHC scheme to study the evolution of SST associated with El Niño, and was able to obtain a more realistic SST pattern than is obtained using an IHC scheme. Zhang et al. (1993) applied an NHC scheme to an idealized North Atlantic model to study the polar halocline catastrophe (PHC), and found that PHC is more difficult to induce.
The principal effect of the NHC scheme is that for a given net radiation and wind speed, substantially larger changes in SST are needed under an NHC atmosphere to supply a given change in net surface heat flux, compared to that under an IHC atmosphere. Giese and Cayan (1993) noted that assuming NHC also has problems, even in the tropics. Nevertheless, they are probably improvements over IHC assumption-not only in the tropics but at higher latitudes also. While the assumption of NHC atmosphere may have similar problems in polar regions to those pointed out by Giese and Cayan for the tropics, it seems highly likely that IHC assumption strongly inhibits the response of SST to surface heat flux change in high-latitude regions. As demonstrated in this paper, such an underestimate can have major implications for the study of the stability of North Atlantic Deep Water Formation (NADWF). The major task of this paper is to investigate the implications.
The plan for this paper is as follows: in Section 2, we briefly describe the ocean model; in Sections 3 and 4, we present results showing the fundamental difference of the thermohaline circulation under the two atmospheres; finally, a summary is given in Section 5.
The Model
This study employs the Pacanowski et al. (1991) version of the Bryan-Cox OGCM which is based on Bryan (1969) . The model domain is a flat-bottomed, two-hemisphere basin, 60° in width, extending from 68°S to 68°N. The southern hemisphere includes a modeled Antarctic Circumpolar Current (ACC) passage from 48°S to 68°S. In all the experiments, an ACC with a strength of 140 Sv is imposed. The open boundaries for the ACC passage are connected cyclically. The horizontal grid spacing is 4° latitude by 4° longitude. The model has 12 levels in the vertical, and the thickness of surface level is 25 m. Values assigned to the various model parameters are listed in Table 1 . No-slip and insulating boundary conditions are applied at the lateral boundaries. The model uses the Cox (1987) parameterization to compute vertical diffusion and convection implicitly. Convective adjustment is achieved via an enhanced vertical diffusivity in regions of static instability of 10 5 cm 2 s -1 . For simplicity, there is no bottom friction. (1), that is, an IHC scheme, with a K corresponding to a timescale of 20 days. This run should be regarded as for deriving the present-day ocean circulation. The atmospheric equilibrium temperature is zonally uniform, and has a latitudinal profile of
where φ is latitude in degrees. Salinity is kept constant and uniform at 34 ppt, and there is no wind forcing. Bryan's (1984) acceleration technique is used during the spin-up. The overturning circulation and the zonal mean temperature structure from the spin-up are shown in Fig. 1 . They exhibit features not unlike those of the real Atlantic. The overturning streamfunction shows three cells: a predominant northern sinking cell, hereafter refered to as modeled NADWF cell, a southern sinking cell and a northern intrusion cell from the south. The hemispheric asymmetry in these fields is due to the asymmetry in model geometry, i.e., the inclusion of the ACC passage in the southern hemisphere. The T r field is diagnosed from the steady state of R 1 , through
following Schopf (1983) . For example, suppose we choose a K r ′ equivalent to 280 days. Given a K equivalent to 20 days as in the spin-up, this gives a K r equivalent to 300 days, and a K/K r ′ = 14. In the high-latitude oceanic convection region, where T a is approximately zero, the ocean is typically 2°C warmer than the air. This gives a T r of -28°C for K/K r ′ = 14. In the tropical region, where T 0 is approximately 27° and the air is about 1°C warmer than the ocean, T r is about 41°C. Thus under Eq. (6) not only is the restoring timescale prolonged, but the atmospheric reference temperature used is changed from T a to T r . T r has a much larger equator-to-pole contrast, and consequently (T r -T o ) is much larger than (T a -T o ). In other word, T o is further away from T r than from T a . This, together with the longer relaxation time, allows SST to evolve with great freedom in response to changes in poleward heat transport. Further, as the time scale associated with K r increases, T r also changes according to Eq. (11) . This means that the equator-to-pole contrast will also increase.
The different behaviour under IHC and NHC atmospheres
Four experiments are carried out that all continue from the end-state of Run R 1 . Runs H300 and H600 continue under Haney's BC with the zonal mean T a , and with a restoring time scale associated with K of 300 and 600 days, respectively. These two runs are carried out to show that under an IHC atmosphere, even when basin wide scale anomalies are removed at a radiative cooling timesacle, the oceanic circulation will still be very different from that under an NHC Fig. 2 . Time evolutions of modeled North Atlantic Deep Water Formation rate under an IHC atmosphere (panel (a) for Runs H300 and H600, with a relaxation timescale of 300 and 600 days, respectively) and under an NHC atmosphere (panel (b) for Runs S300 and S600, with a radiative timescale of 300 and 600 days, respectively).
atmosphere. Runs S300 and S600 proceed under an NHC atmosphere with restoring timescales associated with K r of 300 and 600 days (280 and 580 days associated with K r ′), respectively, and with corresponding zonal mean T r profiles diagnosed from spin-up R 1 . Bryan's (1984) acceleration technique is switched off. The model is integrated for a further 5000 years, by which time a steady state is reached. Time series of the first 500 years for Runs H300, H600, S300, and S600 are shown in Fig. 3 . Zonally averaged sea surface temperature, a) from Runs H300 and H600, and b) from Runs S300 and S600, both compared with that from Run R 1 . Fig. 2 . They are taken at the location in the northern hemisphere, where, during the spin-up, the overturning reaches a maximum. Note that the location for the time series does not coincide with the location where the overturning of these new runs is at a maximum. Several features emerge from Fig. 2 . First, comparisons between Runs H300 and S300 (solid line of panels (a) and (b)) and between Runs H600 and S600 (dashed line of panels (a) and (b)) show that the ocean solutions under NHC and IHC scheme are different. This shows the effect of the restoring temperatures, because Runs H300 and S300, or Runs H600 or S600, have the same restoring time scale, and the only difference is the restoring temperature. The meridional overturnings of Runs H300 and H600 reduce drastically from Run R 1 (which had a restoring timescale of 20 days). This is expected because the increase in restoring time scale reduces the north-south pressure gradient. The circulations of Runs S300 and S600 decrease from Run R 1 only slightly because T r is diagnosed from R 1 , and the ocean is subject to an almost identical heat flux. Second, Runs S300 and S600 produce oscillations of interdecadal timescale, while Runs H300 and H600 do not. The Fig. 4 . Meridional overturning streamfunction from Runs H300, H600, S300, and S600.
oscillation period in Run S600 is 21 years.
Steady state solutions further demonstrate the difference between the NHC and IHC schemes. Figure 3 shows the zonal mean SST for Runs H300 and H600, and Runs S300 and S600. Figure 4 shows the zonally integrated meridional overturning circulation. The results for Run S600 are the mean of the last 10 steady oscillation cycles. From Fig. 4 , we see that under IHC atmosphere, as the relaxation time increases the overturning circulation weakens and penetrates to a shallower depth. Associated with this feature is the smaller equator-to-pole contrast of the SSTs of Runs H300 and H600 compared to the spin-up R 1 (Fig. 3 ). An examination of zonally averaged temperature shows that with the prolonged relaxation time used in H300 and H600, the thermocline becomes more diffuse, and the temperature increases at all depths relative to R 1 . These features are consistent with those found by F. Bryan (1987) . In contrast, results under NHC atmosphere exhibit little change from the steady state of Run R 1 (Fig. 3b ). These differences are clearly due to the difference between Eqs.
(1) and (6). A comparison of the purely thermal circulations with those obtained by Zhang et al. (1993) in the presence of both thermal and saline forcings reveals that with or without a saline forcing, the thermohaline circulation is similar. This demonstrates the predominance of the thermal forcing.
The thermal oscillation under an NHC atmosphere
In Runs H300 and H600, under IHC atmosphere, some initial oscillations can also be seen, but since the ocean is interacting with a fixed atmospheric temperature, the oscillations are rapidly damped out. The implied constant atmospheric conditions cause SST to be tightly constrained by the fixed atmospheric equilibrium temperature. Under NHC atmosphere SSTs are freer to evolve. Comparing Runs S300 and S600, we see that the oscillation in Run S300 decays after a few cycles, but persists in Run S600. The reason for this is that the longer timescale in S600 allows SSTs to develop, whereas the shorter timescale in S300 more strongly damps, and eventually removes, SST anomalies associated with the oscillation.
We now examine the oscillation of S600 in detail. The anomaly in overturning streamfunction and temperature at a quarter period can be summarized in Figs. 5 and 6, respectively. Comparing these anomalies, we see that as overturning strength becomes weaker than the mean (negative anomaly), the zonal mean temperature at high latitudes decreases. This is associated with the northward movement of the negative temperature anomaly in Figs. 6a and 6b . Then, as the overturning becomes stronger than the mean, the zonally-averaged temperature at high latitudes increases, and the northward moving negative temperature anomaly is replaced by a northward shifting positive temperature anomaly, as shown in Figs. 6c and 6d . The zonally-averaged temperature anomalies extend to over 1200 m depth and show that considerable temperature anomalies are not confined to the surface. Horizontal SST and surface flow anomalies are shown in Figs. 7 and 8 for those at the same times as in Figs. 5 and 6. We see that the anomalies rotate in a counter-clockwise direction. Similar pattern appears in the southern hemisphere, although far weaker. The horizontal patterns resemble well the results of Delworth et al. (1993) (their Fig. 18) .
The oscillation is driven by a mismatch between the atmospheric and oceanic heat transports. The forced ocean circulation requires an atmospheric thermal condition with appropriate east-west variation. The zonally uniform thermal condition introduces a mismatch between the two subsystems. The ocean's attempt to maintain a thermal balance produces overshoots, and hence oscillations. For example, suppose at a high-latitude location where a positive temperature anomaly is produced. This positive temperature anomaly increases the buoyancy in the region, and sets the condition for the strength of convection and horizontal velocity to decrease. However, since the horizontal flow is decreasing (because of the decreased sinking), the residence time of a water parcel increases, and the water parcel is able to be cooled below the mean. Half cycle later, a cold anomaly of temperature is created, and at the same time the convective overturning reaches its minimum. The cold anomaly of temperature during the previous half cycle provides an "internal forcing" which produces another overshoot of the meridional overturning by the end of the next half cycle, in a reversed process described above. This means that by the end of one cycle, both the overturning streamfunction and the positive temperature anomalies have reached a maximum, ready to repeat itself.
Since the temperature anomalies are locally driven, vertical advection and deep current advection play a negligible role in the re-generation of the temperature anomalies. The oscillation period is determined by the decaying and the re-generation of the temperature anomalies of the first 1200 m or so. Huang and Chou (1994) studied the oscillation under fresh water flux forcing alone. They found that the period of the oscillation depends on the timescale for water to move across the basin that is L/u, where L is the basin length scale and u is the mean circulation velocity. They obtained a period of approximately 20 years for a North Atlantic basin almost identical to our northern hemisphere, using an averaged speed of 1 cm s -1 , and a basin length of 6000 km. This period is consistent with the present model result.
Thermohaline Circulation

Restorative spin-up, R 2
Our second set of experiments compares the ocean thermohaline circulation under the two atmospheres. A second restorative spin-up, R 2 , is carried out under the same forcing for SST as in R 1 , and under a restoring forcing for SSS with a timescale of 20 days. The restoration salinity has a prescribed zonal mean profile of 
( )
The model is also subject to the wind forcing of F. Bryan (1986) . The overturning circulation, zonally averaged temperature and salinity from the steady state of the spin-up are shown in Fig.  9 . The overturning circulation is similar to that of Run R 1 but with the addition of several winddriven cells at shallow depth. A field of surface freshwater flux and a profile of zonal mean T r with a radiative timescale of 300 days (figure not shown) are diagnosed from the steady state of the spin-up. The freshwater fluxes have precipitation in the polar and western boundary current regions and evaporation at lower latitudes. The fields are larger in the northern hemisphere than in the southern hemisphere, and there is a net precipitation over the northern hemisphere and a net evaporation over the southern hemisphere.
Thermohaline circulation under IHC and NHC atmospheres
Three experiments are carried out under mixed boundary conditions. The term mixed boundary conditions refers to the use of a restoring boundary condition, either NHC or IHC scheme, on surface temperature, and a flux boundary condition on surface salinity. All three experiments are subject to the same wind forcing and the same diagnosed freshwater flux forcing, and all are initiated from the steady state of R 2 . The three experiments are: Runs MH20 and MH300 which are carried out under IHC scheme with a relaxation timescale of 20 and 300 days, respectively (MH refers to mixed-Haney (IHC) boundary conditions), and Run MS300 which is conducted under NHC scheme with the zonal mean T r diagnosed from the spin-up R 2 using a radiative timescale of 300 days (MS refers to mixed-Schopf (NHC) boundary conditions). In these three experiments Bryan's (1984) acceleration technique is used as in Run R 2 . Each experiment is run for another 3000 surface years, by which time a steady state is reached.
The overturning circulations from the steady states are shown in Fig. 10 . Comparing the result of Runs MH20 and MH300, we see that they both produce dramatic changes from the steady state of Run R 2 (Fig. 9a) . In both Runs, the NADWF cell collapses and the southern sinking cell becomes predominant. Associated with changes in the overturning circulation are changes in temperature and salinity (figure not shown), with both decreasing at northern high latitudes and both increasing at southern mid-latitudes.
The collapse of the NADWF cell is due to a positive feedback process under the IHC atmosphere. In effect, under IHC atmosphere no matter how much the oceanic poleward heat transport changes, the atmospheric temperature is not affected. This constant atmospheric temperature in turn inhibits changes in SST and the following positive feedback process occurs. The implied precipitation in the forcing freshwater flux at northern high latitudes leads to surface freshening, and the development of light surface water as a result. This weakens the strength of surface sinking and hence reduces the overturning circulation and the associated heat and salt transports. If SSTs are allowed to respond adequately, cooling at northern high latitudes will ensue due to the reduced poleward heat transport. This cooling in turn would then intensify the convective sinking, and thereby correct the initial effect of light surface water. This is the natural oceanic negative feedback mechanism. However, under IHC scheme, a positive feedback process occurs because the SSTs are not allowed to cool adequately in response to the change in heat transport. The surface water therefore becomes fresher and fresher as the precipitation continues. The surface water becomes lighter and lighter, and eventually convective activity stops, and the ocean settles to a state without NADWF cell. Contrasting this scenario, the NADWF cell in Run MS300 (Fig. 10c) is maintained because an NHC atmosphere allows the atmosphere, in effect, to change and seek an equilibrium temperature based on the balance between the ocean temperature and the radiative imbalance at the top of the atmosphere. This changeable atmosphere in turn allows SSTs to adjust adequately to changes in heat transport and allows the natural negative feedback to operate. A comparison between Runs MS300 and MH300 indicates that the dilated relaxation time alone in Run MH300 does not stabilize the overturning circulation, because the atmospheric temperatures are still fixed and the SSTs are not allowed to respond adequately. F. Bryan (1986) has produced "multiple equilibrium solutions" by imposing a salinity or freshwater flux perturbation in ocean models driven by mixed boundary conditions with a Haney's BC (IHC atmosphere). The generation of multiple equilibrium solutions in these models is associated with the positive feedback process identified above. We have discussed the situation in which the ocean under an IHC atmosphere settles to a state without an NADWF cell. We now consider the situation where under an IHC atmosphere the equilibrium state has an NADWF cell. Suppose a tendency for dense surface water develops, for example, as a result of a positive salt perturbation. Consequently, overturning circulation intensifies and poleward heat and subtropical salt transports increase. However, with IHC atmosphere, the fixed atmospheric temperature limits the adjustment of SSTs to the change in heat transport, and this again leads to positive feedback, i.e., the enhanced salt transport to the sinking region increases overturning, which in turn strengthens the poleward salt transport (Stommel, 1961) , and so on, until the ocean settles to a state with a strong overturning circulation.
Multiple equilibrium solutions under NHC and IHC atmospheres
These positive feedback processes can be seen in Runs MH20s and MH300s, which are the same as Runs MH20 and MH300, but with a negative freshwater flux anomaly (equivalent to a positive salt perturbation, hence the "s") of 0.4 m per year imposed for 30 years over the area of 58°N northwards, and then removed. Bryan's (1984) acceleration technique is again used. Each experiment is run for another 3000 surface years, by which time a steady state is reached. Runs MH20s and MH300s settle to a state with a maximum overturning in the model North Atlantic of 34.2 Sv and 17.5 Sv, respectively, as can be seen in Figs. 11a and 11b . A corresponding run under NHC atmosphere, Run MS300s, settles to a state hardly different from Run MS300 (figure not shown). Comparing Runs MH20s and MH300s, we see that even with the prolonged Fig. 11 . Meridional overturning streamfunction from Runs MH20s, MH300s, and MS300o. relaxation time, under an IHC atmosphere the positive feedback mechanism discussed above can still be in operation.
Multiple equilibria have been produced by Manabe and Stouffer (1988) in a fully coupled climate model, which incorporated an atmosphere general circulation model and a sea-ice model. They found that under the same amount of freshwater flux correction, and in the identical way of thermal interaction between the ocean and the atmosphere, when initiated from states with and without NADWF cell, the system can arrive at two stable states, one with and one without NADWF, respectively. It should be noted that although freshwater forcing in the coupled model is flux-corrected, the adjusted freshwater flux fields in the two stable systems of the fully coupled model are similar to those diagnosed from the spin-up of an ocean-alone model; all have a net freshwater gain in the NADWF region. This means that the above referred effect of surface freshening is present in both the coupled system and in the ocean-alone model. However, the way in which the coupled system arrives at the two stable states is quite different from that in an ocean under IHC atmosphere. Firstly, in the fully coupled model, SSTs are allowed to respond to changes in poleward heat transport, and so the natural oceanic negative feedback mechanism operates. It is this negative feedback mechanism that works against the high-latitude freshening and stabilizes the thermohaline circulation already present in the initial equilibrium state, when initiated from a stable state with an NADWF cell. This stabilization of the thermohaline circulation in the coupled model is similar to that in an ocean under NHC atmosphere (e.g., Run MS300), but contrasts with that under IHC atmosphere (e.g., Run MH300). With IHC atmosphere the negative feedback is disabled and the high-latitude freshening leads to a collapse of the NADWF cell, although initiated from a stable state with an NADWF. Secondly, the state without NADWF in the fully coupled model is due to the weak poleward advection of warm and salty subtropical water associated with the initial state. This initial state is characterized by light (cold but fresh) surface water and by weak poleward flows in the modeled North Atlantic region. When the coupled system is initiated from such a state, there is no dynamic process that can create a density field that is ripe for the establishment of sinking activity in the North Atlantic; the presence of continuous high-latitude freshening makes the establishment more difficult. Although the oceanic negative feedback mechanism is allowed to operate, it only acts to stabilize the initial circulation state that has no NADWF.
To verify this point, we have carried out another experiment with the same NHC atmosphere, surface wind, and freshwater flux forcings as in Run MS300 but initiated from the end state of Run MH300, which has no NADWF. This experiment is called MS300o (o refers to no NADWF). The model is integrated for another 3000 surface years, by which time a steady state is reached. The overturning circulation is shown in Fig. 11c . Looking at Fig. 11c , we see that this stable state is hardly different from that of Run MH300, that is, without an NADWF cell. The circulation features of the two equilibria under the NHC atmosphere (solutions of Runs MS300 and MS300o) are not unlike those of the fully coupled model. Thus multiple equilibrium solutions are possible under NHC atmosphere as in the fully coupled model. Further, the two stable states of Runs MS300 and MS300o are generated in a similar way to that in the coupled model. Note however that in reality, and in a sophisticated coupled system as that of Manabe and Stouffer (1988) , the coupling strength lies in between the two extremes of the IHC and NHC atmosphere, and the coupling strength varies with time and locations.
The stability of thermohaline circulation under IHC and NHC atmospheres
To further demonstrate the stability of the thermohaline circulation under IHC and NHC atmospheres, we continue MS300s, MH20s, and MH300s from their steady states, and add a freshwater flux perturbation of 1.44 m year -1 lasting for 5 years over the area 58°N northwards. The freshwater anomaly is equivalent to 8 times of that estimated for the great salinity anomaly of the 1970's (Dickson et al., 1988) . The lower level acceleration technique of Bryan (1984) is switched off. Figure 12 shows the time series of the maximum overturning in the North Atlantic. We see that in all three runs, the overturning weakens with initial oscillations. Under NHC atmosphere the overturning recovers while under IHC atmosphere, the overturning collapses and does not recover. The similar behaviour of the two runs with IHC atmosphere again shows that a longer relaxation time alone does not help to stabilize the overturning.
Conclusions
An NHC atmosphere allows SSTs to respond to changes in oceanic poleward heat transport, inferring an atmosphere that is allowed to seek its equilibrium temperature, whereas an IHC atmosphere does not. This is responsible for the following different behaviour patterns under the two atmospheres: 1) under NHC atmosphere, oceanic thermal oscillation persists, whereas under IHC atmosphere it does not; 2) under NHC atmosphere, the oceanic thermohaline circulation is less sensitive to high latitude freshening than under IHC atmosphere; 3) under either atmosphere, multiple equilibrium solutions are possible. However, under NHC atmosphere, two equilibrium solutions of the thermohaline circulation are generated in the same way as in the GFDL fully coupled model, while under IHC atmosphere they are not. MH20s, MH300s, and MS300s, but subject to a freshwater perturbation 8 times as much as the Great Salinity Anomaly lasting for 5 years over the area 58°N northward. The solid and long dashed curves are for the cases under an IHC atmosphere, and the fine dashed curve is the case under an NHC atmosphere.
